Constitutive cyclooxygenase (COX-1; prostaglandin-endoperoxide synthase, EC 1.14.99.1) is present in cells under physiological conditions, whereas COX-2 is induced by some cytokines, mitogens, and endotoxin presumably in pathological conditions, such as inflammation. Therefore, we have assessed the relative inhibitory effects of some nonsteroidal antiinflammatory drugs on the activities of COX-1 (in bovine aortic endothelial cells) and COX-2 (in endotoxinactivated J774.2 macrophages) in intact ceils, broken cells, and purified enzyme preparations (COX-1 in sheep seminal vesicles; COX-2 in sheep placenta). Similar potencies of aspfrin, indomethacin, and ibuprofen against the broken cell and purified enzyme preparations indicated no influence of species. Aspirin, indomethacin, and ibuprofen were more potent inhibitors of COX-1 than COX-2 in all models used. The relative potencies of aspirin and indomethacin varied only slightly between models, although the IC50 values were different.
Ibuprofen was more potent as an inhibitor of COX-2 in intact cells than in either broken cells or purified enzymes. Sodium salicylate was a weak inhibitor of both COX isoforms in intact cells and was inactive against COX in either broken cells or purified enzyme preparations. Diclofenac, BW755C, acetaminophen, and naproxen were approximately equipotent inhibitors of COX-1 and COX-2 in intact cells. BF 389, an experimental drug currently being tested in humans, was the most potent and most selective inhibitor of COX-2 in intact cells. Thus, there are clear pharmacological differences between the two enzymes. The use of such models of COX-1 and COX-2 activity will lead to the identification of selective inhibitors of COX-2 with presumably less side effects than present therapies. Some inhibitors had higher activity in intact cells than against purified enzymes, suggesting that pure enzyme preparations may not be predictive of therapeutic action.
Cyclo-oxygenase (COX; prostaglandin-endoperoxide synthase, EC 1.14.99.1) converts arachidonic acid to prostaglandin (PG) H2, which is then further metabolized by other enzymes to various PGs, prostacyclin, and thromboxanes (1) . COX exists in at least two isoforms with similar molecular weights ("'70 kDa). COX-1 is expressed constitutively and was first characterized, purified, and cloned from sheep vesicular glands (2) (3) (4) (5) (6) (7) . Activation of COX-1 leads, for instance, to the production of prostacyclin, which when released by the endothelium is antithrombogenic (8) and by the gastric mucosa is cytoprotective (9) . COX-2 is induced in cells exposed to proinflammatory agents, including cytokines (10) , mitogens (11) and endotoxin (12, 13) . Nonsteroidal antiinflammatory drugs (NSAIDs) inhibit the activity of COX, a property that accounts for their shared therapeutic and side effects (14) . Thus, the ability of NSAIDs to inhibit
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
COX-2 may well explain their therapeutic utility as antiinflammatory drugs, whereas inhibition of COX-1 may explain their unwanted side effects, such as gastric and renal damage.
After establishing that bovine aortic endothelial cells in culture contain COX-1 and that endotoxin-activated J774.2 macrophages contain COX-2, we have investigated the inhibitory effects of some NSAIDs on the activity of COX-1 and COX-2 in whole cells and broken cells and in purified enzyme preparations. Our results show that NSAIDs have different profiles ofinhibition of COX-1 and COX-2 in a range of models.
METHODS
Cell Culture. Murine macrophages (J774.2; The European Collection of Animal Cell Culture, Salisbury, U.K.) were grown in 96-well culture plates with Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum and 4 mM L-glutamine. Bovine aortic endothelial cells (BAEC) were cultured from fresh bovine aortae as described (15) and seeded onto 96-well culture plates.
Intact Cells. COX-L. BAEC were incubated for 30 min with aspirin (0.1 ng/ml to 1 mg/ml), indomethacin (0.1 ng/ml to 1 mg/ml), ibuprofen (0.1 to 1 mg/ml), sodium salicylate (0.1 to 100 Ag/ml), diclofenac (0.1 ng/ml to 100 pg/ml), naproxen (0.1 ng/ml to 1 mg/ml), acetaminophen (0.1 ng/ml to 100 ug/ml), BW 755C (0.1 ng/ml to 1 mg/ml), or a nonacidic NSAID, BF 389 (0.1 ng/ml to (17) . Treatment The reaction was initiated by the addition of 10 units of enzyme. Samples were incubated in a shaking water bath at 37°C for 10 min (during which period the reaction was linear), after which the reaction was stopped by adding 30 ,ul of 1 M HCl. One milliliter of saturated NaCl solution was added to each sample followed by 1.5 ml of ethyl acetate. All samples were mixed in a Vortex and centrifuged at 1500 rpm for 10 min (575 x g). The ethyl acetate layer (1 ml) was removed to a separate tube and concentrated under a stream of nitrogen.
PGs were separated by TLC. 
RESULTS
Characterization of COX-1 and COX-2 Activities. The basal release of eicosanoids from untreated J774.2 macrophages was below the limits of detection, which were 0.3 ng/ml for 6-keto-PGF1,, PGE2, thromboxane B2, and PGF2a (n = 6-15). After exposure to endotoxin at 1 JLg/ml for 12 hr, the cells released significantly higher amounts (P < 0.05, for all) of 6-keto-PGFi, (1.55 ± 0.19 ng/ml), PGE2 (2.60 ± 0.08 ng/ml), thromboxane B2 (0.87 ± 0.03 ng/ml), and PGF2a (3.46 ± 0.10 ng/ml), (n = 9 for each). BAEC released 6-keto-PGF1, (2.30 ± 0.31 ng/ml; n = 9) and thromboxane B2 (0.43 ± 0.01 ng/ml) but <0.3 ng/ml of PGE2 or PGF2a (n = 9, for each). Therefore, the formation of 6-keto-PGFia was used as a common indicator of COX activity in BAEC or endotoxin-activated J774.2 macrophages.
Characterization of COX Isoforms Present in BAEC or Endotoxin-Activated J774.2 Macrophages. Antibodies to COX-1 recognized a band of approximately 70 kDa in the extracts of BAEC (Fig. 1A, lane 1 ) that was not recognized by antibodies to COX-2 (Fig. 1B, lane 1) . In contrast, COX-2 protein was present in extracts of endotoxin-activated J774.2 macrophages (Fig. 1B, lane 3) with low levels of COX-1 (Fig.  1A, lane 3) . Untreated J774.2 macrophages contained no COX-2 (Fig. 1B, lane 2) and low levels of COX-1 (Fig. 1A , lane 2).
Effects of NSAIDs on the Activity of Purified COX-1 and COX-2. In these assays, there was no preincubation of the NSAIDs with the enzyme before adding the substrate. Aspirin, indomethacin, or ibuprofen were much more potent as inhibitors of purified COX-1 than of purified COX-2 (Table  1) polyclonal antibodies to COX-1 (A) or COX-2 (B). Cell extracts of BAEC (lanes 1) contained a protein (=70-kDa molecular mass) that was recognized by antibodies to COX-1 (A) but not by antibodies to COX-2 (B). Low levels of COX-1 or COX-2 protein were detected in untreated J774.2 macrophages (lanes 2). Endotoxin-activated J774.2 macrophages contained a protein (=70-kDa molecular mass) that was recognized by antibodies to COX-2 (lanes 3). A band of =70 kDa was recognized by COX-1 antibodies in cell extracts from endotoxinactivated J774.2 macrophages. As the COX-1 antibody used crossreacts with COX-2 (10%), this band is at least in part attributed to COX-2 protein (lane 3). Equal amounts of protein were loaded in all lanes (2-3 ,ug per lane) . Similar results were obtained with cell extracts from two separate batches of cells.
Proc inhibition of COX-2 at the maximum concentration used (1 mg/ml). The ratios ofactivities in favor ofCOX-1 varied from 42 to 50. In contrast, BF 389 with IC50 values of 4 ,ug/ml for COX-1 and 8 ,g/ml for COX-2 gave a ratio of 2.
Effects of NSAIDs on Broken-Cell Preparations of BAEC and Endotoxin-Activated J774.2 Macrophages. In these experiments, the NSAID was preincubated with the enzyme for 30 min. Aspirin, indomethacin, or ibuprofen inhibited the activity of COX-1 more potently than COX-2 in broken cells ( Table 1 ). The activity of aspirin was similar to that found with purified enzymes, as was that of ibuprofen. However, indomethacin showed IC50 values lower in the broken cells by a factor of 10 than in the purified enzymes. COX-1 activity in broken cells was unaffected by sodium salicylate. COX-2 activity in broken cells was only slightly inhibited (20%o) by the highest concentration of sodium salicylate used (1 mg/ml; Table 1 ).
Effects of NSAIDs on COX Actity in Whole Cells. Indomethacin was the most potent inhibitor of COX-1 and was some 60 times more potent than against COX-2 ( Table 2 ; Fig.  2B ). Aspirin was 166 times more active against COX-1 but was less potent than indomethacin on either isoform. Ibuprofen was 15 times more active against COX-1 than COX-2. Interestingly, the activity of ibuprofen against COX-2 in the intact cells was some 10-fold greater than on the broken cells. Sodium salicylate showed weak activity in both cell preparations but was only 3 times more potent against COX-1 than COX-2. Acetaminophen was also an inhibitor of COX-1 (IC30, 2.7 ± 2.0 ug/ml) and COX-2 (IC30, 20 .0 ± 12.0 /g/ml) activity in intact cells. Diclofenac, naproxen, and BW 755C were approximately equipotent inhibitors of COX-1 or COX-2 in intact cells ( Table 2 ). The nonacidic NSAID BF 389 was the most potent inhibitor tested against COX-2 (IC50; 0.03 jg/ml) and also showed the greatest selectivity for 
DISCUSSION
The discovery of an inducible isoform (COX-2) of cyclooxygenase (13) allows a reinterpretation and refinement of the general theory that inhibition of COX activity explains the therapeutic and side effects of the aspirin-like drugs (14) .
COX-2 is induced in migratory and other cells by inflammatory stimuli (18) presumably through cytokine production. Therefore, it is attractive to suggest that the antiinflammatory actions of the NSAIDs are due to inhibition of COX-2, whereas the unwanted side effects, such as gastric toxicity and nephrotoxicity, are due to inhibition of the constitutive enzyme (COX-1), the products of which help to protect the stomach and the kidney against damage. Here, we explore this hypothesis by testing some NSAIDs on different preparations of COX-1 and COX-2. We show that BAEC contain predominately COX-1 and that endotoxin-activated J774.2 macrophages contain predominately COX-2. Using the COX activity in these cells as models for COX-1 and COX-2 or using purified enzymes, we demonstrate that NSAIDs have different relative potencies as inhibitors of COX-1 and COX-2.
There is little evidence to suggest that the potencies of NSAIDs as inhibitors of COX-1 and COX-2 vary from species to species. Nevertheless, because the two main cell types we have used are from ox (BAEC) and mouse (J774.2), we have compared the effects of four NSAIDs on crude broken-cell preparations with those on purified enzyme preparations from the sheep. On the broken-cell preparations of guinea pig lung (presumably COX-1), aspirin had an IC50 of 7 p,g/ml (14) . Here we find the IC50 on broken BAEC cells to be 8 ,ug/ml and on purified sheep COX-1 to be 5 ,ug/ml. There is, then, good consistency for aspirin as an inhibitor ofCOX-1 from several different species.
In both crude and purified enzyme preparations (Table 1) , aspirin, indomethacin, and ibuprofen were much less active against COX-2 than against COX-1, and the ratios of activity remained remarkably consistent between the two assay systems used. Indomethacin was about 10 times more active as an inhibitor of COX activity in broken cell preparations than as an inhibitor ofpurified COX-1 or COX-2. This may be due to the different experimental protocols used, for indomethacin was preincubated for 30 min with the broken cell preparations but was added simultaneously with arachidonic acid substrate in the purified enzymes.
Our results with purified COX-1 and COX-2 to assess the inhibitory effects of indomethacin (50 times more potent against COX-1 than COX-2) are very similar to those of Meade et al. (ref. 19 ; indomethacin was 32 times more potent against COX-1 than COX-2). They also found that aspirin was a selective inhibitor of COX-1 using membrane fractions from transfected cells.
Can the effects of NSAIDs on COX-1 explain their unwanted effects? The two strongest inhibitors of COX-1 in all assay systems used, aspirin and indomethacin, are the two NSAIDs that cause the most gastric damage (20) . Even though indomethacin is more potent than aspirin as an inhibitor of COX activity in a variety of systems (14, 21) and as an antiinflammatory drug (21, 22) , it is also more potent than aspirin as an ulcerogenic agent (see ref. 23) . What is more important than the relative potencies of NSAIDs against each other on COX is the ratio of activities on COX-1 and COX-2. Thus, assuming that COX-2 is relevant to inflammation, an antiinflammatory dose of indomethacin or aspirin will suppress COX-1 activity in the stomach and kidney with a 50-fold greater potency.
Aspirin irreversibly inhibits COX-1 by acetylation of a single serine residue on the enzyme (24) . Indomethacin inhibits COX-1 activity by binding to its active site and subsequently rendering it inactive (25) , possibly by producing a conformational change in an essential protein radical (26) . Although the mechanisms by which aspirin and indomethacin inhibit COX are different, the relative potencies of these drugs were similar in all of the assays used in this study and in those using microsomal preparations from COS-1 transfected cells for assay of COX-1 and COX-2 activity (19) .
Ibuprofen, which inhibits COX by substrate competition with arachidonic acid (27) , produces less side effects than either aspirin or indomethacin (28) . This would not be predicted from the ratios obtained on the enzyme preparations, but in intact cells ibuprofen was at least 5 times more potent than aspirin as an inhibitor of COX-2, whereas the two NSAIDs were equipotent at inhibiting COX-1 activity. These results on intact cells may explain why at equiactive antiinflammatory doses, ibuprofen produces less ulcerogenic side effects than aspirin. However, Meade et al. (19) find that ibuprofen is equipotent as an inhibitor of COX-1 and COX-2 activity in microsomes from transfected COS-1 cells. As the mechanism of action of ibuprofen is based on substrate competition, these differences in the potency of ibuprofen may be due to variations in the accessibility to the enzyme and in the relative concentration of arachidonic acid present in the different assay systems.
Vane (14), using broken-cell preparations ofguinea pig lung (COX-1), found salicylate to be much weaker as an inhibitor of COX than aspirin. Here we confirm this observation by showing that aspirin is more potent than salicylate as an inhibitor of COX-1 or COX-2. However, salicylate and aspirin are said to be equally effective antiinflammatory agents leading to the criticism (29) of the theory that inhibition of PG synthesis alone explains the actions of NSAIDs. Do the present results with salicylate help to explain this anomaly? Here we show that aspirin is =100 times more potent than salicylate as an inhibitor of COX-1 in intact cells but only twice as potent as an inhibitor of COX-2. These observations may explain those of Higgs et al. (30) showing that salicylate and aspirin were approximately equipotent inhibitors of COX activity in explants of acutely inflamed tissue (COX-2?). However, aspirin was found to be considerably more potent than salicylate as an inhibitor of PGs in the serum (COX-1?). Salicylate had negligible inhibitory actions on COX activities in broken cell preparations or purified enzyme. The mechanism of action of salicylate as an inhibitor of COX activity in intact cells may be compounded by its suppression of the induction of COX (31) .
Acetaminophen also posed a problem for the original theory of the mechanism of action of NSAIDs, for at therapeutic doses acetaminophen has weak antiinflammatory activity but is a stronger analgesic and antipyretic (32) . Flower and Vane (21) found that COX preparations from the brain were more sensitive to acetaminophen than those from the spleen and suggested that there may be different isoforms of COX. We found that acetaminophen inhibited both COX-1 and COX-2 activity in intact cells. However, acetaminophen was less potent as an inhibitor ofCOX-2 activity than all other NSAIDs tested, with the exception of aspirin and sodium salicylate. The weak inhibitory actions of acetaminophen on COX-2 may explain why this drug has only weak antiinflammatory actions. Perhaps there are other isoforms of COX ("COX-3") in the endothelial cells in the brain that initiate fever by the release of PGs (33) .
There is a third group of NSAIDs including BW 755C, diclofenac, and naproxen in which the ratio (IC50 against COX-2/IC5o against COX-1) in intact cells is about 1 Interestingly, of all the NSAIDs tested, BF 389, an experimental drug now being tested in man, was the most potent agent against COX-2 in intact cells and also displayed a ratio (0.2) with the greatest selectivity for COX-2. This fits well with toxicological reports on this experimental drug, for BF 389 has little or no gastric ulcerogenicity (36) . The fact that BF 389 is more potent in intact cells than on purified enzymes may well be due to the fact that it is concentrated in tissues (37 3 . Relationships between the pathways leading to the generation of eicosanoids by COX-1 or COX-2. Under physiological conditions, activation of COX-1 for instance in platelets, endothelium, stomach mucosa, or kidney results in the release of thromboxane A2 (TXA2), prostacyclin (PG12), or prostaglandin E2 (PGE2). The release of these eicosanoids is selectively inhibited by drugs such as aspirin (1) . Inflammatory stimuli release cytokines, such as interleukin 1, that induce the synthesis of COX-2 in cells, such as macrophages, resulting in the release of prostaglandins (PGs). The release of PGs together with proteases and other inflammatory mediators (such as reactive oxygen radicals) results in inflammation. The COX-2 pathway can be interrupted at several levels by antagonists or antibodies to cytokines and mitogens (2) , inhibitors of the induction of COX-2 (e.g., glucocorticoids) (3), or selective inhibitors of COX-2 (4).
salicylates (31) . Finally, once COX-2 has been synthesized, selective inhibitors of COX-2 would inhibit the production of proinflammatory prostanoids without affecting, for instance, prostacycin production by the endothelium (COX-1; Fig. 3 ). The identification of selective inhibitors of COX-1 and COX-2 will not only provide an opportunity to test this hypothesis, but also lead to advances in the therapy of inflammation. As new compounds become available to inhibit COX-2, the use of aspirin will diminish in inflammation, but expand as an inhibitor of COX-1 in platelets for the prevention of thrombosis.
